The thyroid gland is vulnerable to the carcinogenic effects of ionizing radiation, and there is a well-documented inverse correlation between thyroid cancer and age at exposure, particularly for ages less than 20 yr. One of the factors responsible for this phenomenon may be more rapid cell proliferation in children.
I
ONIZING RADIATION DURING childhood is a wellestablished risk factor for thyroid cancer (1, 2) . The strong association between radiation exposure and thyroid cancer was first reported more than 50 yr ago (3) and was confirmed by studies of patients exposed to external medical radiation for treatment of childhood diseases and conditions, such as enlarged thymus (4) , tinea capitis (5), childhood cancer (6) , and other conditions of the head and neck (7) , and survivors of the atomic bomb explosions in Hiroshima and Nagasaki (8, 9) . More recently, children in Belarus, Ukraine, and Russia who were exposed primarily to internally deposited radioactive iodines, mostly I-131, as a result of the Chernobyl accident exhibited a significantly elevated risk of thyroid cancer (10 -12) .
The increased risk of thyroid cancer in these cohorts was documented for a wide range of doses, and a linear doseresponse relation for doses from 0.1 Gy to up to 1-2 Gy described the data well (1, 9, (13) (14) (15) . At higher doses, a flattening of the dose-response curve has been found in some studies (13) , but in a recent evaluation of young cancer survivors, a linear dose-response relation was seen up to 10 Gy (6) . Most studies have found that age at exposure was a strong modifier of thyroid cancer risk. This was observed after various doses of external, mostly therapeutic radiation (1, 13, 14) . In a pooled analysis of several studies, the excess relative risk (ERR) per gray was highest among those exposed at 0 -4 yr of age, and it progressively decreased with increasing age of children (13) . Among atomic bomb survivors, one of the few populations in which people were exposed to radiation at all ages, the risk decreased with increasing age at exposure, so that by about 20 yr of age the risk of thyroid cancer was no longer significantly elevated and after the age of 40 yr no increased risk could be observed (9) . In populations exposed after the Chernobyl accident, the incidence of thyroid cancer also was inversely correlated with age at exposure in many (11, 16, 17) but not all studies (18, 19) . Although, in part, this can be explained by a significantly higher radiation dose to the thyroid in young children, it is likely that age at exposure may also serve as a risk modifier in these populations (11) .
The factors responsible for a higher risk of thyroid cancer after childhood radiation exposure remain unknown. It has been suggested that this is likely due to the growth pattern of thyroid cells, which are generally believed to proliferate actively in childhood, but have a very limited potential for proliferation during adult life (11, 13) . This has been studied in detail in animal thyroids, and it was assumed that the same growth pattern would be present in humans (11) . Surprisingly limited empirical data are available on the proliferative activity of normal human thyroid cells at different ages. Some information comes from studies of proliferative activity of thyroid tumors, where normal thyroid tissues were used as a control. Using MIB-1 antibody that reacts with the Ki-67 nuclear antigen found throughout the cell cycle but absent in resting (G 0 ) cells, it was shown that overall proliferative rate of normal adult thyroid cells is as low as 0.2% (20) . Comparable findings (0.6%) were observed when another proliferative marker, proliferating cell nuclear antigen/cyclin, was studied in several normal thyroid glands (21) .
Recently, Faggiano et al. (22) reported their analysis of a series of 31 thyroid glands from patients with families affected by medullary thyroid carcinomas and ages ranging from 3-39 yr. They found that, in individuals under 12 yr of age, thyroid follicles are of a significantly smaller size as compared with older individuals, and there was a higher expression of proteins involved in the iodine trafficking and metabolism in this age group (22) . As for the proliferative activity, no significant Ki-67 labeling was observed in this study, possibly due to a relatively limited number of cases in each age group and of microscopic fields examined in each case. The finding of age-related size of thyroid follicles and variation in the expression of sodium/iodide symporter and other proteins involved in iodine metabolism provides a possible mechanism for a much higher radiation dose in young children after exposure to radioiodines, but cannot explain the age-related risk of radiation-related cancer after external irradiation. An age-related difference in the proliferative activity of thyroid cells would provide the basis for this paradigm for both radiation types.
In this study, we determined the proliferative activity of normal thyroid cells in a large series of cases including the entire spectrum of ages from the 11th wk of gestation throughout childhood and adulthood. This was compared with the reported data on the age-related risks of thyroid cancer from various populations exposed to radiation. The prenatal group was included because three cases of thyroid cancer were diagnosed among children living in Gomel, Belarus who were exposed in utero (23) . The Ki-67 labeling by immunohistochemistry was chosen as a tool to study the proliferative activity in formalin-fixed tissues because it has been widely accepted and validated in nonneoplastic and neoplastic tissues as a reliable marker of cell proliferation that also correlates with the proliferative indexes calculated based on the tritiated thymidine and BrdU labeling (24 -26) .
Subjects and Methods

Study population
Archival autopsy materials from the Department of Pathology at the University of Cincinnati Medical Center (fetal and adult groups) and the Division of Pathology at Cincinnati Children's Hospital Medical Center (pediatric group) were reviewed to identify patients with no clinically or pathologically diagnosed thyroid disease. Glass slides of the thyroid gland were then reviewed, and cases with histological features of thyroid hyperplasia or tissue autolysis were excluded. All 117 cases with histologically normal thyroid gland appearance were included in this study. They represented ages ranging from 11 wk of gestation to 60 yr. The cases were placed into three general groups: fetal group (age intervals 11-15, 16 -20, 21-25, 26 -30, 31-35 , and 36 -40 wk gestation), pediatric group (age intervals Ͻ1 yr, 1, 2, 3-4, 5-6, 7-8, 9 -10, 11-12, 13-14, and 15-19 yr), and adult group (age intervals 20 -24, 25-29, 30 -34, 35-39, 40 -44, 45-49, and 50 -60 yr). For most age intervals, at least four to five cases were selected; however, only two cases could be identified in the 7-8 yr of age interval. Ten cases were included in the less than 1 yr and 5-6 yr of age intervals. The study was approved by the University of Cincinnati and Cincinnati Children's Hospital Medical Center Institutional Review Boards.
Immunohistochemical analysis
Immunohistochemical staining was performed on paraffin sections with anti-Ki-67 antibody, clone MIB-1 (Dako, Carpenteria, CA), dilution 1:25, after overnight pretreatment in borate buffer using avidin-streptavidin immunoperoxidase detection. In each case, 5-10 different random high-power fields (ϫ400) were digitally photographed. At least 2000 thyroid follicular cells were counted, and the percentage of cells with nuclei positive for immunostain was counted independently by two pathologists (A.G.S. and S.K.). Their counts were identical in 65 of 117 (56%) cases. In the other 52 cases, the difference in the count of the two pathologists never exceeded 15 positive cells, i.e. the pathologists agreed on more than 99% of the cells scored. In those cases where there was disagreement, the two counts were averaged, and this number was considered the proliferative index for each case.
Statistical analysis
Comparisons among proliferative rates in three age groups (fetal, pediatric, and adult) were performed using the nonparametric ANOVA Kruskal-Wallis test. Comparison between proliferative rates at different ages and thyroid cancer ERR from previously published studies was performed by comparing mean proportions of proliferating cells with Arc-sin transformation to stabilize the variances of different proportions. The presence of a trend in correlation between age and proliferative activity within groups was determined using Tukey pairwise comparison method. The SAS software package was used to carry out a LOESS smoothing of the proliferative rates separately for the prenatal specimens and for the combined pediatric and adult specimens, using a 0.4 smoothing parameter. This value for the smoothing parameter was used because it offered the best compromise between providing a smooth age trend without losing too much individual detail.
Results
Characteristics of the study population
The gender and causes of death of cases in the fetal, pediatric, and adult age groups are summarized in Table 1 . Each group included both male and female thyroid glands with the male to female ratio fluctuating between 1.4:1 and 0.7:1. The most common causes of death within the fetal group were acute asphyxia, congenital malformations, and infection, which were distributed approximately evenly across the spectrum of specific age intervals, except for the 11-15 wk gestation group, where spontaneous abortion was the only anatomical diagnosis. Within the pediatric group, the most common causes of death were congenital malformations and infections. Seven patients in this group (13%) died of nonthyroid neoplasms. Within the adult group, most patients died of infection, heart disease, or acute bleeding, and none died of neoplastic diseases. The spectrum of underlying diseases was not expected to affect differentially the proportion of proliferating thyroid cells in specific age intervals.
Proliferative rate at various ages
Proliferative rate of thyroid cells in different age intervals was determined based on the expression of the Ki-67 nuclear antigen (Fig. 1) . The results are summarized in Table 2 . The highest levels of cell proliferation were in early fetal life, particularly at 11-15 and 16 -20 wk gestation, when 16 and 12% of cells were labeled, respectively. However, the rate of cell proliferation continuously decreased, with a particularly sharp drop at 31-35 wk gestation, when less than 2% of cells remained cycling. The rate decreased, further approaching the age of fetal maturity, with a proliferative index of 0.4% found at 35-40 wk gestational age. After birth, the proliferative index remained low, with 0.2% proliferating cells in infants under 1 yr of age. Some fluctuation in the rate of cell proliferation was observed within the pediatric group, with most age intervals demonstrating the rate of cell proliferation within the range of 0.2-0.3% (Table 2 ). In the adult population, the proliferative activity was close to 0.1% throughout the spectrum of age intervals. Overall, the mean rate of Ki-67 labeling was 7.4 Ϯ 6.1% in the fetal group, 0.23 Ϯ 0.15% in the pediatric group, and 0.08 Ϯ 0.04% in the adult group. To ensure that no single cause of death unduly influenced our findings, we also analyzed the data removing the individuals who died from the two largest causes of death (infections and congenital malformations). There was no appreciable change in the results when either cause of death was excluded. The difference in the mean proliferative rate between the groups was statistically significant (P Ͻ 0.001). Figure 2 shows the smoothed proliferative index by weeks from conception. Whereas there is evidence of an overall trend for decreasing proliferative index with increasing age (P Ͻ 0.01), patterns of variation differed within the different age groups. There was a steep decline during the fetal period (P Ͻ 0.001) and the first few postnatal months, almost no difference between 1-10 yr (P Ͼ 0.5), a significant drop between 10 -19 yr (P ϭ 0.04), and a small drop after 20 yr (P ϭ 0.26).
Correlation with radiation-associated cancer risks
Although the trend for decreasing risk of radiationassociated thyroid cancer with increased age at exposure has been observed in many studies, only a few have provided quantitative analysis of the ERR per Gy in specific age groups. Among the atomic bomb survivors in Japan, the calculated ERR per Gy was 6.4 for those exposed at age 0 -4 yr, 3.7 for those 5-9 yr old, 2.1 for 10 -19 yr old, 0.7 for 20 -29 yr old, 0.9 for 30 -39 yr old, and 0.0 for older than 40 yr (1, 27) . In a pooled analysis of seven studies of populations exposed to external radiation, including those exposed to therapeutic irradiation as children and adults and atomic bomb survivors of all ages, the modifying effect of age was 1.0, 0.5, 0.2 in those exposed at the ages of 0 -4, 5-9, and 10 -14 yr, respectively (13) . The results from these studies were used to compare with the trend of the proliferative rate in the corresponding age groups. We observed mean proliferative rates of 0. Comparison between the risks of radiation-related thyroid cancer and cell proliferation in the same age intervals revealed a generally similar tendency for a decrease in both parameters with age (Fig. 3) . However, a lack of correlation was noted between the slopes of risk and proliferative rate in the early pediatric age intervals of 0 -4 and 5-9 yr and in those over 40 yr of age.
Discussion
In this study, we report the proliferative rates of histologically normal human thyroid cells at various ages. These data reveal that thyroid cells proliferate at significantly different rates during the fetal period, in children, and in adults, suggesting that the rate of cell proliferation may be a contributing factor to the known variability in the risks of radiationrelated thyroid cancer in pediatric and adult populations. On the other hand, correlation between proliferative rate and cancer risk was lacking in several age intervals, most noticeably among young children, suggesting that other factors are likely to be responsible for the particularly high sensitivity to radiation-induced thyroid carcinogenesis in the youngest pediatric populations.
The highest levels of growth activity of thyroid cells were observed during the early fetal period, particularly at 11-20 wk gestation. Given the high rate of proliferation at this time, there is surprisingly little evidence of a large increase in thyroid cancer after in utero radiation exposure. This partly may be because most studies of in utero radiation exposure have only followed subjects through childhood and, therefore, could not evaluate the relationship with adult cancers. Another possible explanation can be drawn from the hypothesis proposed by Ohtaki et al. (28) . They have determined that fetal lymphocytes did not show a high frequency of chromosome translocations after radiation exposure of more than 0.1 Sv, and suggested that fetal cells may eliminate damaged cells more efficiently than adult cells through apoptosis or possess enhanced ability to repair genotoxic damage.
The pace of cell proliferation declines sharply during the late fetal period. Beyond 26 -30 wk gestation, less than 2% of cells participate in cell cycling at any given period of time. After birth, less than 0.4% of cells are dividing at the same time, and less than 0.2% of cells are proliferating after the age (29 -31) . However, it is likely that, in significant part, this is due to the accumulation of colloid within the follicular spaces, rather then cell multiplication. Formation of colloid is known to begin at 12 wk postconception, and by wk 14, the gland reveals first small colloid-containing follicles, which progressively increase in size during fetal life and after birth. This process apparently continues during childhood, as evident from the steady increase in the follicle size and proportion of follicles with abundant colloid in older children (22, 32) . The low proliferative rate of thyroid cells in adults observed in this study confirms the previous observation that Ki-67 labeling ranges from 0.00 -0.34% in adult normal thyroid glands (20) . The risk of radiation-related thyroid cancer has a welldocumented relationship with age at exposure after external irradiation (1, 9, 13) . In this study, we document an overall decrease in the proliferative rate as a function of age, which correlates well with the overall decrease in risk of radiationrelated thyroid cancer with increasing age at exposure. However, we also observed significant inconsistency between the rate of cell proliferation and the pattern of radiation-related cancer risk in several specific age intervals. The major discrepancy was observed within the first 10 yr of life, where the proliferative rate was fairly stable but the risk of radiationrelated thyroid cancer showed a strong decline with a large drop between 0 -4 and 5-9 yr of age (13) . Another possible inconsistency is that in the late fetal period, e.g. 31-40 wk gestation, the proliferative rate was severalfold higher than in newborns, whereas the current literature does not provide evidence of a high risk of thyroid cancer after late in utero exposure. These discrepancies suggest that additional and still unknown factors may modify further the risk of thyroid cancer in the youngest children. One possibility would be that it is due to a higher functional state of thyroid glands in early pediatric ages. Indeed, immediately after birth, thyroid glands have almost no stored colloid, so that follicular cells are required to produce thyroid hormone not only for immediate use but also for storage within the follicles. This correlates with the progressive decrease in the height of follicular cells, which reflects directly the functional status of these cells. Columnar cells (most functionally active) are seen in normal thyroids only during the first 3 months of life, and the proportion of cuboidal cells continually decreases during childhood, so that between 6 and 15 yr of age the majority of follicular cells change their shape from cuboidal to flattened (32) . However, if the functional status plays a role, the exact mechanisms of such an effect are not clear. It would not be directly related to the expression levels of sodium/iodide symporter or other proteins involved in iodine transport and organification, because the age-related risk of thyroid cancer has been documented primarily for external irradiation.
In summary, our findings of a general decrease in proliferative activity of thyroid cells with age may explain, at least in part, the overall higher radiosensitivity of children compared with adults. However, the variation in the rate of cell proliferation is unlikely to be responsible entirely for this phenomenon, and other mechanisms predisposing to a significantly higher risk of thyroid cancer among the youngest children are likely to exist. Better understanding of these mechanisms should allow more effective approaches for prevention of radiation-induced thyroid carcinogenesis in humans.
